We report methodological advances that enhance the phosphorescence efficiency of a blue-emitting calcium aluminate phosphor (CaAl 2 O 4 : Eu
Introduction
Phosphor materials have attracted much attention in applications such as electroluminescent displays, particularly white light emitting diodes (LEDs), and a large number of new phosphorescent materials have been developed in the last decade [1] [2] [3] [4] [5] [6] [7] . Among them, green-emitting ZnS:Cu phosphors have been used as long-lasting phosphorescent phosphors and applied in a variety of areas, including watches, clocks, traffic signs, emergency signage, and textile printing for signaling in the darkness [8, 9] . However, the applications of ZnS have been limited due to their short intrinsic decay time (1 h) and low emission intensity. Although doping with Co 2+ enhances the emission intensity of ZnS:Cu phosphors, the incorporation of a large amount of a dopant into the host degrades the mechanical and physical properties of the host, particularly in the presence of moisture, which then becomes chemically unstable, limiting its application [5] [6] [7] . Another phosphor, YAG(yttrium aluminium garnet):Ce 3+ , is also a green-or yellowemitting material; however, it also suffers from poor color rendition and high thermal quenching [10, 11] . To overcome this problem, Matsuzawa et , which resulted in improved lifetimes, intensity, and chemical stability over the previous phosphors [7] . Due to their higher chemical stability, the duration of the phosphorescence, and its high intensity, these materials could potentially replace the traditional ZnS-based phosphors, and further improvements have been recently achieved by many researchers [1] [2] [3] [4] [5] .
Recently, white light emitting diodes (w-LEDs) are replacing conventional lighting products due to high efficiency, good material stability and long operation lifetime and phosphors are widely used as white LED sources [12] . A typical w-LEDs are fabricated by the combination of blue-emitting InGaN LEDs and yellow-emitting Y 3 ) phosphor. However, this strategy has a number of disadvantages, such as high correlated color temperature (CCT > 4500 K) and low color rendering (CRI) index (R a < 75) [13, 14] . An alternative strategy to generate white light is to coat near UV emitting LEDs with a mixture of high efficiency red, green and blue emitting phosphors which produces excellent CRI values and better color stability [15, 16] . However, it suffers from poor efficiency due to the large Stokes shift between emission and excitation of the near UV excitable phosphor. The eventual performance and efficiency of the w-LEDs strongly depends on the luminescence properties of the phosphors [17] . Therefore, it is highly desirable to develop highly efficient phosphors which can be excited by near UV LEDs. However, most of the improvements have been limited to green-emitting phosphors and the development of highly efficient blue-emitting phosphors is still challenging. The investigation of long-persistence blue-emitting phosphors is hence highly desirable, since the luminescence properties of blue-emitting phosphors can significantly affect the eventual performance of white LEDs [17] .
Therefore, in this work, we have studied the effect of various doping compositions and impurities on the phosphorescence of blue-emitting calcium earth aluminate phosphor CaAl 2 , Nd 3+ crystals grown with various compositions by systematic investigations on the preparation, composition, structure, and luminescence properties, aiming at improving its phosphorescence characteristics.
Results

Composition of the activator and co-activator
CaAl 2 O 4 is known to have a monoclinic structure with three non-equivalent Ca sites [4] . When doped with Eu
2+
, those atoms occupy the only type of Ca sites that meets their size requirements [4] . Such Eu 2+ ion doping boosts the intensity of the phosphorescence, and Eu 2+ ions are typically used as the luminescence center and activator in the phosphor [20, 21] . Therefore, if the amount of Eu 2+ incorporated in the host lattice is varied, the luminescence properties can be tuned owing to the significant changes in the local surroundings around a substituted site, such as the bond length and angle, as well as the point symmetry. In order to find the best con ) increases, narrow emission bands are known to appear at progressively shorter wavelengths, which is consistent with our observations. The afterglow intensity was monitored for the emission peak at~448 nm, which corresponds to the 5d ! 4f transition in Eu
. The decay curves of the afterglow intensity are shown in Fig 1. The curves are very similar for the different Eu 2+ compositions and the only difference is the intensity. We further computed the lifetimes and decay rates of the emission at 448 nm by fitting them with three exponential components and different decay times [23] . The fitting results are presented in , Dy 3+ reported in a previous study, which could be explained by the difference in the solubility of the two ions in the structure [28] . Since the ion radius of Dy 3+ is smaller than that of Nd
3+
, Dy 3+ is more soluble within the system than Nd 3+- [7] . Therefore, a higher concentration of Dy 3+ can be incorporated into the structure, forming a relatively higher number of trapping levels and resulting in brighter phosphorescence in the [23, 29] . Since Nd 3+ and Dy 3+ have relatively low 4f-5d transition energies and high charge-transfer energies, they can act as hole traps [23, 29] . These holes migrate to the excited Eu 2+ centers where they are captured, followed by recombination.
Phosphorescence is caused by this trapping of photo-generated holes and/or electrons, which, following a delayed radiative return after recombination of the charge carriers, causes luminescence. Therefore, phosphorescence is considered as thermo-luminescence with de-trapping at room temperature, and local distortions around the co-dopant ions seem to affect the trap depth. , Nd 3+ phosphor is probably not so shallow to show a fast decay that does not last for long, ] ratios. Decay times were calculated based on the three expo- . After capturing, recombination occurs, followed by phosphorescence. Therefore, local distortions around co-dopant ions seem to affect the trap depth, and hence, optimization of the activator and co-activator composition is important to produce high phosphorescence intensity.
Doping with impurities
In blue-emitting CaAl 2 O 4 :Eu 2+ , Nd 3+ , the Eu 2+ ions usually act as the luminescence centers and the transitions between the 4f 7 ground state and the crystal field components of the 4f 6 5d excited state are responsible for the broad emission spectrum of Eu 2+ , as previously explained [20] . Such f-d transitions are known to be very sensitive to distortions of the crystal field in the luminescent host of alkaline earth silicates [22] . Therefore, if this stable host structure changes and crystallographic distortions occur by substitution or impurities, the crystal field environment of the rare earth ions in the host structure is influenced, affecting the trap depth and, finally, the characteristics of the phosphorescence. ) and small quantities of H 3 BO 3 were used as starting materials, and the dried powder mixtures were fired in the furnace at 1300°C for 3-5 h. The phosphors were irradiated with 365-nm light for 5 min at room temperature and the afterglow spectra, decay curves, and fitting results from different phosphors and doping samples are shown in Fig 4 and , Nd 3+ crystals grown from different starting compositions have similar values; however, the intensity of the phosphorescence after illumination is different ( Table 3) . As expected, alkali metal doping significantly increases the luminescence up to 190% of the initial value, as compared to that observed for the non-doped crystal, probably due to the distorted crystal structure leading to less forbidden transitions. , Nd
3+
) were tested and the results are shown in Fig 5 and while concentrations above 0.015 mol of SrCO 3 may disrupt the overall crystal structure, decreasing the phosphorescence.
Doping with impurities-Alkali metal doping
To further break the centro-symmetry of the structure, we tried to substitute Ca 2+ with alkali metals. Doping with alkali metals is expected to result in two effects: a decrease in cation vacancies due to charge differences, and changes in the crystal structure symmetry due to size differences. These two effects may cause the corresponding shrinkage or expansion of the host structure and changes in the formation of hole traps, thereby resulting in the change of the afterglow characteristics. The powder materials SrCO 3 , Al 2 O 3 , Nd 2 O 3 , Eu 2 O 3 , and M 2 CO 3 (M = Li, Na, and K) were weighed out and mixed according to the mole ratios of the elements . The compounds were pressed into pellets, followed by sintering into ceramics at 1300°C for 3-5 h in a N 2 / H 2 reducing atmosphere. The final products were irradiated with 365-nm UV light for 5 min, and the phosphorescence and afterglow curves were measured at 448 nm, as shown in Fig 6 and . This concentration is likely enough to enter into the cation vacancies, enhancing the electronic transition of Eu 2+ but not too high to disrupt the overall crystal structure. , Nd 3+ crystalline structure. Doping with SiO 2 is expected to cause not only the creation of cation vacancies, but also the shrinkage of the crystal structure since the size of Si 4+ (~40 pm) in tetrahedral mode is smaller than the size of Al 3+ (53 pm). If optimal, the cation vacancies, which act as hole traps, and breaking the symmetry of the crystal structure by shrinkage or expansion of the crystal structure contribute to boost the phosphorescence intensity and increase the lifetime of the phosphorescence. To figure out the effect of Si 4+ doping on CaAl 2 O 4 :
Doping with impurities-Si
, various concentrations of SiO 2 were tested, ranging from 0 mol to 0.065 mol. The compounds were prepared in the same way as the previous experiments, and the decay curves of the afterglow and the fitting results are shown in Fig 8 and Table 7 . The band position, shape, and width of the UV-excited spectra appear similar, implying the same luminescent centers. However, the intensities of the afterglow appear different at the different concentrations of Si doping. Interestingly, the initial afterglow intensities were lower than that observed from the non-doped crystal at concentrations of Si 4+ below 0.05 mol, whereas the initial afterglow intensities became brighter at concentrations of Si 4+ above 0.06 mol. This observation could be explained by two different effects from Si 4+ doping in the crystal structures: a shrinking effect caused by the smaller size of Si 4+ and an expansion effect caused by the creation of cation vacancies. If these two effects cancel out each other, there is no or a minimal boost effect on the phosphorescence. It may be the case when the concentration of Si 4+ is lower than 0.05 mol, and additional disruption of the overall crystal structure likely decreases the phosphorescence intensity. However, if these two effects are synergic and the hole traps with the optimal depth are created by cation vacancies, the phosphorescence is enhanced. This may be the case when the concentration of Si 4+ is higher than 0.06 mol. Finally, we found that the optimal concentration of Si 4+ is 0.06 mol, enhancing the phosphorescence intensity up to 144% that of the original value for the non-doped crystal.
Optimization of the flux
Further enhancements can be achieved by optimizing the flux conditions. In this study, H 3 BO 3 was used as the flux, and we tested various concentrations of H 3 BO 3 to find its optimal , Nd 3+ resulted in big differences in the afterglow intensity and hence, the optimization of the activator and co-activator composition was found to be important towards a high phosphorescence intensity. In the alkaline earth metal doping test, the alkaline metal doping achieved significant enhancements of the luminescence up to 190% of the initial value, as compared to that observed for the non-doped crystal, probably due to the distorted crystal structure with alkaline earth metal doping leading to less forbidden transitions. Among them, the largest alkaline metal, Ba
2+
, showed the largest increase in initial luminescence, while the smallest alkaline metal, Mg 2+ , showed the smallest increase in initial luminescence. When we varied the concentration of SrCO 3 , the phosphorescence was enhanced up to 206% of the initial value with 0.015 mol of SrCO 3 , as compared to that observed for the non-doped crystal. From the Si doping test, we found that the phosphorescence intensity could be enhanced up to 144% of the original value at the optimal concentration of Si 4+ (0.06 mol). Lastly, the flux was also found to affect the phosphorescence. The phosphorescence could be slightly increased as the concentration of H 3 BO 3 increased; however, amounts larger than 0.25 mol of H 3 BO 3 make the compound too hard and difficult to remove from the crucibles after firing and grinding in the mortar. Finally, we found that our combined optimized condition which are doping with~0. (Fig 10) . This investigation is expected to provide a guideline for the synthesis of bright and long persistent blueemitting phosphors, and facilitate the application of persistent phosphors with afterglow characteristics superior to those of conventional phosphors. Although the detailed mechanism of the doping effects on the persistent luminescence remains an open question, we note that the role of lattice defects in CaAl 2 , the co-doping effects and the optimization of alkaline earth metals and alkali metals to further enhance the phosphorescence efficiency. This blue-emitting material is expected to be used as a novel phosphor with numerous applications in not only white LEDs, but also in the areas of energy saving and safety improvement.
Methods
The details of our experimental methods have been described previously [28] 3 (M = Ca, Sr, and Ba; Merck, >99.0%), and SiO 2 (Aerosil OX 50, Degussa) were mixed and H 3 BO 3 was added as a flux. After grinding the mixtures in an agate mortar, they were fired in molybdenum crucibles for 3-5 h at~1300°C in a furnace under a weak reductive atmosphere of flowing N 2 /H 2 (5%) gas. After cooling down the synthesized samples to room temperature, they were ground again in an agate mortar. The final samples were irradiated with 365 nm UV-light for 5 min. After turning off the UV lamp, the emission spectra were recorded with a Hitachi 850 fluorescence spectrophotometer in the wavelength range from 300 to 950 nm.
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